The DNA of every cell in the human body gets damaged more than 50,000 times a day. The most frequent damages are abasic sites. This kind of damage blocks proceeding DNA synthesis by several DNA polymerases that are involved in DNA replication and repair. The mechanistic basis for the incapability of these DNA polymerases to bypass abasic sites is not clarified. To gain insights into the mechanistic basis, we intended to identify amino acid residues that govern for the pausing of DNA polymerase ␤ when incorporating a nucleotide opposite to abasic sites. Human DNA polymerase ␤ was chosen because it is a well characterized DNA polymerase and serves as model enzyme for studies of DNA polymerase mechanisms. Moreover, it acts as the main gap-filling enzyme in base excision repair, and human tumor studies suggest a link between DNA polymerase ␤ and cancer. In this study we employed high throughput screening of a library of more than 11,000 human DNA polymerase ␤ variants. We identified two mutants that have increased ability to incorporate a nucleotide opposite to an abasic site. We found that the substitutions E232K and T233I promote incorporation opposite the lesion. In addition to this feature, the variants have an increased activity and a lower fidelity when processing nondamaged DNA. The mutations described in this work are located in well characterized regions but have not been reported before. A crystallographic structure of one of the mutants was obtained, providing structural insights.
The DNA of every cell in the human body gets damaged more than 50,000 times a day (1) . The relation between DNA damage and repair has a significant effect on various cancers, neurological aberrations, and the process of premature aging (2) . DNA polymerases are key enzymes that function in maintaining the integrity of the encoded genetic information in DNA replication, DNA repair, DNA recombination, and the bypassing of damages in DNA. Therefore they are central to the aforementioned interplay (3) .
The most frequent DNA damage observed under physiological conditions are abasic sites resulting from spontaneous hydrolysis of the bond that connects the sugar and the nucleobase in DNA (4) . Guanine and adenine nucleobase residues are cleaved most efficiently, resulting in the abasic sugar moiety (AP; see Fig. 1A ) with the loss of the genetic information stored in the nucleobase (5) . Because these lesions are devoid of genetic information, they are potentially mutagenic. The bulk of this damage is removed by base excision repair pathway, which uses the sister strand to guide incorporation of the right nucleotide in place of the lesion (6, 7) . DNA polymerase ␤ acts as the main gap-filling enzyme in base excision repair (8) . The enzyme governs for selecting the right nucleotide complementary to the undamaged templating nucleotide (9) .
DNA polymerases have been grouped in seven different families named A, B, C, D, X, and Y and reverse transcriptases. The grouping depends on sequence homology and structural similarity (10) . DNA polymerase ␤ belongs to the X family. The single polypeptide is the smallest eukaryotic DNA polymerase (39 kDa), containing 335 amino acid residues (11) . It is folded into discrete domains and subdomains (12) . The enzyme consists of an N-terminal lyase domain (8 kDa) , which is connected to the DNA polymerase domain (31 kDa) by a short protease-sensitive segment (13) .
The important role of DNA polymerase ␤ in the maintenance of genome integrity is emphasized by the finding that ϳ30% of all tumors studied to date harbor mutations in the DNA polymerase ␤ gene (14) . The tumor-associated mutations are found in the lyase as well as in the DNA polymerase domain. The variants show altered enzyme properties such as fidelity and lyase function (14 -20) .
On the other hand DNA polymerase ␤ serves as a very useful model for studying basic mechanisms of DNA polymerase function such as activity and fidelity. The enzyme has been studied extensively in a functional and structural context in the past (13) . Several crystal structures are available, including those of the enzyme in ternary complex with various substrates (9, (21) (22) (23) (24) .
Lesions like abasic sites that remain undetected by the repair systems or are formed during the S phase remain a great challenge to the replication machinery. Abasic sites block proceeding DNA synthesis by several DNA polymerases including those that are involved in DNA replication and base excision repair such as DNA polymerase ␤ (25) . Stalling of DNA replication might be essential to allow repair processes to occur that ensure faithful DNA repair without introducing mutations. However, approximately a decade ago, novel specialized DNA polymerases were identified to be capable of bypassing DNA lesion (26) . These enzymes are found in a variety of organisms and, for example, are involved in the suppression of skin cancer in humans. The translesion synthesis pathways are believed to occur after chromosomal replication thus, outside the S phase (27, 28) . The mechanistic basis of the proficiency of some DNA polymerases to bypass certain lesions and the failure of other DNA polymerase are still under investigation.
To identify amino acid residues that govern for the pausing of DNA polymerase ␤ when incorporating a nucleotide opposite to an abasic site, we generated and screened a library of more than 11,000 human DNA polymerase ␤ variants randomly mutated using error-prone PCR. By using a high throughput screening system, we selected mutants that have an increased propensity to bypass abasic sites in comparison with the wild-type enzyme. In addition to this feature, the variants have an increased activity and a somewhat lower fidelity when processing nondamaged DNA. The mutations described in this work are located in well characterized regions but have not been reported before. A crystallographic structure of one of the mutants was obtained providing structural insights.
EXPERIMENTAL PROCEDURES
Library Construction-The human DNA polymerase ␤ gene (NM_002690) was purchased codon optimized for expression in Escherichia coli from Geneart AG (Regensburg, Germany). It is noteworthy that codon optimization resulted in changes within the gene sequence without affecting the amino acid sequence (see supplemental Fig. S1 ). The gene was cloned into the plasmid pGDR11 using the restriction enzymes BamHI and SalI. The insert was sequenced to confirm that it does not contain mutations. Random mutations were inserted by error-prone PCR. PCRs were performed using 5 units of Taq DNA polymerase (Fermentas) in the reaction buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 7 mM MgCl 2 , 0.05 mM MnCl 2 , 1 mM dCTP/dTTP, 0.2 mM dATP/dGTP), 350 pg/l plasmid pGDR11(hDNApol␤), and 200 nM of each primer (forward,5Ј-CAC CAT CAC CAT CAC CAT ACG GAT CCG ATG-3Ј; reverse, 5Ј-GCT AAT TAA GCT TGG CTG CAG GTC GAC TTA-3Ј) in a 50-l total volume. 20 cycles of PCR (95°C for 1 min, 63°C for 1 min, and 72°C for 2.5 min) were conducted. The PCR product was isolated by electrophoresis in a 0.8% agarose gel and purified (MinElute TM gel extraction kit; Qiagen). After digestion with BamHI and SalI, the restriction fragment was ligated with the digested and dephosphorylated (Antarctic phosphatase; NEB) plasmid pGDR11 by using T4 DNA ligase (Fermentas) for 16 h at 16°C. The resulting plasmids were transformed into E. coli XL10 Gold. The clones were picked from LB agar plates and separately grown overnight in 384-well plates containing 150 l of LB medium with 100 g/ml carbenicillin. hDNApol␤ mutants were parallel expressed in 1-ml cultures in 96-well plates by inducing during exponential growing phase (A 600 ϭ 0,6) with 1 mM isopropyl ␤-D-thiogalactopyranoside for 4 h. The cells were pelleted by centrifugation (40 min, 4000 rpm, 4°C) and lysated in 300 l of lysis buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 0.1 mg/ml lysozyme). After incubating on ice for 45 min, 900 l of storage buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA) was added followed by another 45 min on ice and centrifugation (40 min, 4000 rpm, 4°C). The lysate was directly used for screening.
Screening-Reaction mixtures for library screening contained 2 mM MnCl 2 , 200 M of each dNTP, 100 g/ml BSA, 150 nM primer (P20thioAG, 5Ј-CGT TGG TCC TGA AGG AGG *A*T-3Ј, where the asterisks indicate the positions of phosphorothiolate) and 150 nM template (T90A, 5Ј-CCG TCA GCT GTG CCG TCG CGC AGC ACG CGC CGC CGT GGA CAG AGG ACT GCA GAA AAT CAA CCT ATC CTC CTT CAG GAC CAA CGT ACA GAG-3Ј; or T90F, 5Ј-CCG TCA GCT GTG CCG TCG CGC AGC ACG CGC CGC CGT GGA CAG AGG ACT GCA GAA AAT CAF CCT ATC CTC CTT CAG GAC CAA CGT ACA GAG-3Ј; F indicates an abasic site analog, respectively) in buffer (50 mM Tris-HCl, pH 7.8, 70 mM KCl, 1 mM DTT, 100 g/ml BSA, 5% (v/v) glycerol) in 20 l of total volume. The reaction mixtures were dispensed in 384 well plates using an automated liquid handling device (Hamilton Microlab Star) followed by the addition of 5 l of lysate solution. As a positive control, the DNA polymerase ␤ wild-type (WT) was used; as a negative control, the catalytic inactive DNA polymerase ␤ D256A (29) in analogously treated cultures of E. coli XL10 Gold cells was used. After incubation at 37°C for 30 min, the reaction was stopped by adding 45 l/well SYBR Green I-containing solution (50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 4ϫ SYBR Green I). Fluorescence intensities were quantified using a plate reader (Polarstar Optima, BMG Labtechnologies GmbH) with excitation at 485 nm and emission at 520 nm.
Purification of DNA Polymerase ␤-The WT and mutants of the DNA polymerase ␤ were expressed and purified as described (30) . The purity of the proteins was Ͼ95% as controlled by SDS-PAGE. The concentrations were determined by the Bradford assay.
Primer Extension Studies-Reactions contained primer (P20, 5Ј-CGT TGG TCC TGA AGG AGG AT-3Ј; or P23, 5Ј-CGT TGG TCC TGA AGG AGG ATA GG-3Ј), template (T33G, 5Ј-AAA TGC GCC TAT CCT CCT TCA GGA CCA ACG TAC-3Ј; or T33F, 5Ј-AAA TGC FCC TAT CCT CCT TCA GGA CCA ACG TAC-3Ј; F indicates an abasic site analog) and purified enzyme in storage buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, 50% (v/v) glycerol), 200 g/ml BSA, 200 M dNTPs (N) or single nucleotide dATP (A), dCTP (C), dGTP (G), or dTTP (T), and 1ϫ reaction buffer (50 mM Tris-HCl, pH 8.0, 20 mM NaCl, 20 mM KCl, 10 mM MgCl 2 , 2 mM DTT, 1% (v/v) glycerol) in a final volume of 20 l. The concentrations of the respective enzyme and the primer template complexes are given in the figure legends. The reaction mixtures were incubated for the times indicated in the corresponding figures legends at 37°C and subsequently quenched using PAGE loading solution (80% (v/v) formamide, 20 mM EDTA, 0.025% (w/v) bromphenol blue, 0.025% (w/v) xylene cyanol). The samples were denatured at 95°C for 5 min analyzed by 12% PAGE containing 8 M urea. Visualization was performed using phosphorimaging.
Kinetics-The rate of single turnover, single-nucleotide incorporation was determined using the different primer/33-mer template DNA duplexes using rapid quench technology by using a KinTek RQF-3 rapid quench flow apparatus (KinTek Corp.). Reaction mixtures contained 200 nM primer (P23 or P24); 200 nM template (T33G or T33F), 2 M purified enzyme in storage buffer, 400 g/ml BSA, 1ϫ reaction buffer, and different concentrations of dNTP as indicated in the figure legends. The reaction was initiated by mixing equal volumes (15 l each) of the enzyme reaction mixture with a solution containing dNTP in 1ϫ reaction buffer. For reaction times ranging from 0.05 to 10 s, the rapid quench instrument was used. The reactions were quenched using 0.3 M EDTA prior to mixing with a PAGE loading solution (80% (v/v) formamide, 0.025% (w/v) bromphenol blue, 0.025% (w/v) xylene cyanol). For reaction times longer than 10 s, a manual quench was performed. Samples of the quenched reactions were denatured at 95°C for 5 min and analyzed by 12% PAGE containing 8 M urea. Quantification was performed using phosphorimaging. The product bands were quantified using the Bio-Rad Quantity One software. For pre-steady state analysis, experimental data were fit by nonlinear regression using the program GraphPad Prism4. The data were fit to a one phase exponential equation
The observed catalytic rates (k obs ) were plotted against the used dNTP concentration. These data were fitted to a hyperbolic equation to determine the K d of the incoming nucleotide. The incorporation efficiency is given by k pol /K d . The kinetic data result from multiple independently conducted experiments.
DNA Binding Assay-The DNA binding affinity was measured using a gel mobility shift assay (31, 32) . P23 and T33G or T33F were annealed as described above. Up to 12 protein concentrations ranging from 0.125 nM up to 5 M, expected to bracket the dissociation constant (K d ), were incubated with 0.1 nM primer template complex in buffer containing 10 mM Tris, pH 7.5, 6 mM MgCl 2 , 100 mM NaCl, 10% glycerol, and 0.1% Nonidet P-40 (30) . After incubation for 10 min at 20°C, the samples were loaded onto a nondenaturing 8% polyacrylamide gel (in 7.5 mM Tris borate, 2 mM MgCl 2 , 0.1 mM EDTA) (33) , which run at 300 V for 1 h. After loading, the voltage was reduced to 150 V, and the gel was run for 1.5 h. Quantification was performed using phosphorimaging. The product bands were quantified using the Bio-Rad Quantity One software. The dissociation constant K d was derived by fitting the experimental data using nonlinear regression with the program GraphPad Prism4 using the equation:
where m 1 is a scaling factor, and c is the apparent minimum Y value as described (30) .
DNA Polymerase Activity Determination-For activity determination, primer extension reactions were carried out with varying concentrations of DNA polymerase ␤ WT and mutants. The reaction contained 150 nM primer (P23), 150 nM template (T33GCG), 200 M dNTP, 200 g/ml BSA, and 1ϫ reaction buffer (50 mM Tris-HCl, pH 8.0, 20 mM NaCl, 20 mM KCl, 10 mM MgCl 2 , 2 mM DTT, 1% (v/v) glycerol). The reactions were performed at 37°C for 10 min, subsequently quenched using PAGE loading solution. The products were separated on a 12% denaturing PAGE. Phosphorimaging was carried out, and the obtained intensities for each band were transformed into dNTP conversion. Activity was measured by quantifying the intensity of each band produced by the respective DNA polymerase with a PhosphorImager (Bio-Rad). From this quantification, the amount of incorporated nucleotides was calculated. The total amount of incorporated nucleotides for each reaction equals the sum of incorporated nucleotides of each band. The presented results are from measurements that were independently repeated at least three times.
Crystallization-The enzyme mutant was expressed in E. coli BL21 AI carrying the CDS in a pET21b vector. The recombinant enzyme was purified as described earlier (34) with slight modification. Protein concentration was determined by absorbance at 280 nm (⑀ ϭ 23,380 M Ϫ1 cm Ϫ1 ) and Bradford assay. Enzyme solutions were concentrated up to 20 mg/ml (VivaSpin) and stored at Ϫ80°C. The crystals of the binary complex were obtained as described by Pelletier et al. (24) against a reservoir solution containing 100 mM MES 2 (pH 6.3), 10% PEG 3350, and 100 mM NaCl in hanging drop vapor diffusion plates (Nextal). The data were collected at PXI (PSI, Villigen, Switzerland) at the Pilatus 6 M detector. Data integration and reduction were performed using XDS (35, 36) . Crystals had similar lattice constants as Protein Data Bank code 9ICW (24) , and structure determination was therefore initiated by rigid body refinement of 9ICW, using the PHENIX suite (37) . As a model for refinement, Protein Data Bank code 9ICW (24) for the binary complex was chosen. Subsequent refinement and model building was performed using the PHENIX suite and Coot (38) . Molecular graphics were prepared in PyMol (39) .
RESULTS
Screening-To evolve human DNA polymerase ␤ variants with increased abilities to bypass an abasic site, we first randomized its gene by error-prone PCR. A library of 11,520 entities was generated by picking colonies. The proteins were expressed and lysated in multiwell plates. For screening of activity, we first employed a screen based on primer extension using an undamaged template in 384-well plates (40, 41) . The enzymes were screened directly after lysis without further purification steps. As controls we used colonies expressing the wild-type enzyme and the catalytic inactive DNA polymerase ␤ mutant D256A (29) . DNA polymerase activity was monitored through termination by the addition of EDTA and quantification of synthesized double-stranded DNA through staining with SYBR Green I. Active mutants (39% of all screened entities) were pooled and subsequently tested for the ability to bypass an abasic site using a similar screen as described above with the difference that a template containing the abasic site analog F (Fig. 1A) was employed. We identified two DNA polymerase ␤ mutants that exhibited promising properties. We refer to these enzymes as 1L19 and 5P20, referring to their location in the library. Sequencing revealed that each enzyme has four mutations (for 1L19, S44R, F99L, E123K, and T233I; and for 5P20, S2G, F99L, E232K, and V269M). These mutants were subsequently purified to homogeneity and were subjected to further characterization.
Primer Extension and Abasic Site Bypass by WT and Mutants-To compare the ability to bypass F, the purified WT and mutated enzymes were subsequently used in different primer extension studies under identical reaction conditions. In a running start experiment employing all four dNTPs, the DNA polymerases extended the radioactively labeled primer strand by three nucleotides before approaching the abasic site in the template strand (Fig. 1B) . The WT enzyme only sluggishly incorporates a nucleotide opposite the abasic site as shown by a faint band at the respective position after PAGE analysis (Fig. 1C) . The synthesis of longer products resulting from bypass of the abasic site could not be detected. Nevertheless, when an undamaged template was used, full-length extension was observed. In the undamaged template, a G was chosen instead of the abasic site because it has been shown that G is the predominant source of abasic sites under physiological conditions (5) .
Next, the mutants were investigated. Both mutant enzymes show pausing opposite the abasic site as well; however, they were able to synthesize longer products resulting from bypass of the abasic site contrasting the finding for the WT enzyme.
Next we investigated which nucleotide is preferentially incorporated opposite the abasic site. Thus, the primer template complex was designed in a way that the 3Ј-end of the primer strand terminates opposite the template (Fig. 2A) . Two different sets of experiments were conducted. In one series, the enzyme concentration was equal to the concentration of the primer template complex (Fig. 2B) . In the second series, the enzyme concentration was increased to be 10-fold higher than the primer template complex to ensure that all of the primer template complexes are bound to the enzyme (Fig.  2C) . In all single-nucleotide incorporation experiments, it became clear that the mutants incorporate a nucleotide opposite an abasic site more preferentially than the wild-type enzyme, regardless of the ration of the enzyme to the primer template complex (Fig. 2, B-D) .
Kinetics of WT and Mutant Enzymes-For quantification of the aforementioned results, we measured nucleotide incorporation using a quench flow device. Using this method, the incorporations opposite an undamaged G and the stable abasic site analog F was investigated. Measuring the incorporation rate k pol and the affinity of the binary polymerase-primer template complex for the incoming nucleotide (K d ) led to the incorporation efficiency (k pol /K d ) (Fig. 3 and Table 1 ). FIGURE 1. Studies comparing WT human DNA polymerase ␤ and mutants 1L19 and 5P20. A, structures of an abasic site (AP) and the abasic site analog F. B, partial primer template sequence used in primer extension experiment. C, primer extension assay under running start conditions. Side by side comparisons of DNA synthesis using a canonical template (N ϭ dGMP, G) and abasic site containing template (N ϭ F) were conducted. All of the experiments were conducted employing the same condition using 500 nM of the respective enzyme and 150 nM of primer template complex. Kinetic experiments were performed by examining single nucleotide extension of a 23-mer primer annealed to a 33-mer template using an excess of enzyme over DNA substrate. In the match case, when dCMP was incorporated opposite to G, the incorporation rates were 2.09 Ϯ 0.30 s Ϫ1 for WT, 1.04 Ϯ 0.07 s Ϫ1 for 1L19, and 3.27 Ϯ 0.07 s Ϫ1 for 5P20, respectively ( Fig. 3A and Table 1 ). These results are in the same range as recently published data (42) . The K d values of the enzymes differ more significantly among the enzymes than the k pol values. The affinity of the WT polymerase-primer template complex toward the incoming dCTP (K d ) was ϳ14-fold weaker in comparison with 5P20. This yielded a 22-fold higher incorporation efficiency of the mutant 5P20 in the match case. In contrast the incorporation efficiency of the WT and mutant 1L19 was in the same order.
Because dTMP was misincorporated opposite dG preferentially (data not shown), we investigated this combination in more detail. In this case, the incorporation rates were 0.01 s
Ϫ1
for WT, 0.06 s Ϫ1 for 1L19, and 0.39 Ϯ 0.01 s Ϫ1 for 5P20, respectively ( Fig. 3B and Table 1 ). The K d values showed only marginal differences (WT, 334 Ϯ 66 M; 1L19, 417 Ϯ 48 M; and 5P20, 126 Ϯ 11 M). The selectivity of a DNA polymerase can be defined by the ratio for the efficiencies for incorporation of a canonical nucleotide versus the misincorporation of a noncanonical nucleotide. Considering this, it appears that 1L19 has a 4-fold and 5P20 a 5-fold reduced selectivity compared with the WT enzyme.
The single nucleotide incorporation opposite F was analyzed next using dCTP and dGTP. In these reactions, the incorporation rates of the enzymes were significantly reduced compared with incorporation opposite the canonical template (Fig. 3, C and D, and Table 1 ). Nevertheless, distinctive differences of the incorporation rates were detectable, whereas the K d values are in the same range. Taking together, 5P20 incorporated dCMP opposite F more than 50-fold and dGMP ϳ15-fold more efficiently than the WT enzyme. 1L19 exhibits a 3-6-fold increase in efficiency compared with WT depending on the nucleotide (Table 1) .
Affinity of WT and Mutants for DNA-To determine whether the mutant enzymes had an altered affinity for the primer template complexes, we performed a gel mobility shift assay (Fig. 4) using approaches described earlier (30 -33 were similar (242 Ϯ 56 and 210 Ϯ 42 nM, respectively). The K d values of the mutant enzymes were similar as well for undamaged and damaged template (1L19, 11.9 Ϯ 3.9 and 10.9 Ϯ 4.8 nM; 5P20, 9.5 Ϯ 2.0 and 11.0 Ϯ 2.5 nM). Thus, the mutants appear to interact with the primer template complex with the same affinity that is ϳ20-fold higher that the WT enzyme.
Specific Activity of WT and Mutants-Next we investigated the specific activity of the enzymes using an assay that detects nucleotide incorporation and extension. Thus, in primer extension the amount of dNTPs that is incorporated within 10 min depending on the enzyme concentration was investigated. We found that the WT enzyme exhibits a specific activity of 37.3 Ϯ 2.3 dNTP/fmol enzyme, whereas the activity of the mutant 1L19 was 3-fold increased (87.2 Ϯ 5.6) (Fig.  5A) , and the mutant 5P20 (360 Ϯ 9) was 10-fold increased (Fig. 5B) .
Contribution of Mutations to Abasic Site Bypass ProficiencyTo determine whether all mutations of 1L19 and 5P20 are required to render the enzymes proficient in bypassing an active site, every single mutation as well as combinations of double and triple mutations were generated by site-directed mutagenesis. All of the mutants were subsequently purified to homogeneity and were utilized in primer extension reactions employing identical reaction conditions. An unmodified (T33A) and a damaged (T33F) template containing an abasic site were used in combination with a 20-nucleotide primer (P20) (Fig. 6) . We found that all of the variants of the 1L19 mutant that contain the mutation T233I showed the highest proficiency for bypassing an abasic site (Fig. 6A) . Interestingly, when comparing all mutants derived from the 5P20 scaffold, it turned out that a single mutation (E232K) was sufficient for more bypass of the abasic site. However, the combination of this mutation with V269M results into a more efficient translesion enzyme. Interestingly, the V269M mutation alone is not sufficient to significantly increase lesion bypass ability compared with WT DNA polymerase ␤. Thus, the double mutant E232K/V269M appears to be as efficient as the parental 5P20 enzyme containing four mutations (Fig. 6B) . However, every respective single mutant has significantly reduced abasic site bypass proficiency.
Crystallographic Structure of 5P20-To gain structural insights into the most active mutant 5P20, we conducted crystallization trials. Crystals of the 5P20 in complex with a 6-bp DNA duplex fragment were obtained as described (24) and diffracted to 1.85 Å ( Table 2) . Refinement led to good density for the majority of the enzyme, except for the first nine residues. Mutated sites could be identified in the electron density (see omit map in Fig. 7) , except for S2G, which is located in the unresolved N-terminal region. F99L is located near the second helix-hairpin-helix (residues 101-106) motif without disturbing the metal binding ability, because the region has an average B of 24.9 Å 2 , and the Na ϩ ion shows a B value of 27.6 Å 2 and occupancy of 1. E232K is located in the templatebinding loop region near residues 230 -234. Mutation V269M is found near the hydrophobic hinge. In the complex, Lys-232 showed a conformer that enables a water-mediated contact to the phosphate group of template base 3 (dTMP), thereby forming an additional stabilizing contact to the substrate.
DISCUSSION
DNA polymerase ␤ acts as the key gap-filling enzyme in base excision repair (8) . Alterations in the proper function of the enzyme such as fidelity and processing of DNA lesions are crucial for genome integrity (14 -20) . Additionally, DNA polymerase ␤ is a well studied DNA polymerase that can be regarded as a model enzyme for studies of DNA polymerase mechanisms in general (13) . To identify amino acid residues that are critical for preventing the enzyme in incorporating a nucleotide opposite an abasic site, we employed a screening system based on arrayed primer extension reactions using SYBR Green I fluorescence for double-stranded DNA product detection. From a more than 11,000-member library of randomly mutagenized DNA polymerase ␤ entities, we could identify two variants, referred to as 5P20 and 1L19, which exhibit distinct alterations of enzyme properties.
In radiometric primer extension studies, we found that both mutants exhibit an increased propensity for incorporating a nucleotide opposite an abasic site. Single nucleotide incorporation and kinetic measurements (Figs. 2 and 3 and Table 1) disclose that dCMP and dGMP are most preferentially incorporated opposite the abasic site by all enzymes albeit with varied efficiencies. The incorporation efficiency of dCMP by 5P20 was 53-and 14-fold increased for dGMP. 1L19 showed a 5-fold increase in incorporating efficiency of dCMP and 3-fold for dGMP compared with the WT DNA polymerase ␤. Although abasic sites are considered to be noninstructive, in vitro and in vivo studies of the abasic site or the stabilized tetrahydrofuran analog F have shown that adenine, and to a lesser extent guanine, is most frequently incorporated opposite the lesion by DNA polymerases from family A and B and has been termed "A rule" (43) (44) (45) (46) . However, it has been shown that DNA polymerases ␤ use different, sequence-dependent mechanisms that might compete with the A rule when bypassing abasic sites (47) . The preferred incorporation of dCMP and dGMP of all enzymes studied here indicates that the enzymes loop out the abasic site and use a mechanism in which nucleotides downstream to the abasic site are used as templates as reported before (47, 48) . This incorporation signature suggests that the enzyme uses the dG moiety two positions downstream of the abasic site as template preferentially in this sequence context. Both DNA polymerase ␤ variants have four mutations. The substitution F99L exists in common to both variants. The 20-fold decrease in K d exhibited by the mutants represents an increase in DNA binding affinity. The tighter binding to primer template complex might increase the ability of the mutant enzymes to promote bypass of the lesion.
Testing all possible mutation combinations of the respective mutant showed that the substitution E232K is sufficient for the developing of the new properties in 5P20. V269M potentiates this effect, whereas S2G and F99L show no significant influence (Fig. 6B) . Glu-232 is located in the palm domain, and Val-269 belongs to the so called "hydrophobic hinge" of the palm-thumb interface (17, 18) . Val-269 is not part of the active site of DNA polymerase ␤ and has no direct contact with either the primer template duplex or incoming dNTP (17, 23) . Both relevant mutations in 5P20 are located near the amino acids, which get in contact to nucleobases or the phosphate backbone by hydrogen bonds. The exchange of FIGURE 7 . Crystal structure of 5P20 mutant bound to DNA duplex. A, overview of the mutated sites. B, detailed depiction of mutated residue Lys-232. The interaction of Lys-232 with the phosphate moiety of thymidine 3 (bold) in the templating strand via an H 2 O molecule is highlighted. Lys-232 is shown with the omit map ( ϭ 2.5), and H 2 O and DNA are shown in model density (2mF o Ϫ DF c ). Omit maps were created using simulated annealing. C, outer lining of the hinge region containing mutation V269M. Shown is a superposition with the wild-type enzyme (Protein Data Bank code 9ICW, yellow) complexed to the same dsDNA. Molecular graphics were made using PyMol. Glu at position 232 with Lys, an anionic amino acid against a cationic one, leads to a significant alteration in the side chain. The positive charge could interact with the anionic sugar phosphate backbone of the template, thereby increasing the affinity for the DNA substrate and stabilizing conformations that are required for nucleotide incorporation opposite an aberrant template site such as an abasic lesion. Indeed our structural studies indicate a water-mediated hydrogen bonding network of Lys-232 with a phosphate moiety in the template strand. Thus, an increase of the electrostatic interaction with the DNA could be one of the reasons for the increased bypass activity of 5P20. The relevance of positively charged amino acid on lesion bypass has been recently discussed. Patel et al. (50) isolated a variant of Taq DNA polymerase, I614K, which exhibited higher lesion bypass ability than the WT. Furthermore, Gloeckner et al. (51) found a mutant of KlenTaq DNA polymerase containing an exchange of methionine to lysine, which showed a higher activity in bypassing DNA damages as well. Both mutants carry mutations of an apolar amino acid to a lysine near the template strand or the active site. Interestingly, the presence of a large positively charged DNA-binding surface has been discussed recently to promote DNA lesion bypass by human DNA polymerase , an enzyme that is able to perform translesion synthesis (52) . The hydrophobic hinge, where the second relevant mutation in 5P20 (V269M) is located, is lined on the inside with hydrophobic residues Leu-194, Ile-260, Phe-272, and Tyr-296 and on the outside with residues Ile-174, Thr-196, Tyr-265, and Val-269. All of these amino acids build up stabilizing hydrophobic interaction (24) . The roles of some amino acids in this region were determined by Sweasy and co-workers (53) . By studying position 260, the influence of the hydrophobic nature of the amino acid on the activity and fidelity of the enzyme could be outlined. It was further postulated that position 265 is involved in the conformational change when the enzyme switches to the closed conformation. Furthermore, the aforementioned relevance of hydrophobicity on the polymerase fidelity has been elucidated (54 -56) . Together with Tyr-271 and Asp-276, Phe-272 forms the dNTP-binding pocket of DNA polymerase ␤ (49). This residue seems to be critical for maintaining fidelity during the binding of the dNTP (57) . Inside DNA polymerase family X, to which DNA polymerase ␤ belongs, the residues building the nucleotidebinding pocket are highly conserved. Equivalent to position 269, exclusively nonpolar amino acids are present at the respective sites, mostly leucine. However, DNA polymerase ␤ harbors a valine residue at the respective position. The mutation V269M in 5P20 induces a significant change of the constitution of the side chain, whereas the polarity remains the same. Although the isopropyl side chain in valine imposes considerable steric strain near the amino acid backbone, the methionine side chain is more flexible in this regard. It might be that the gain in flexibility by the V269M mutation influences the switch from open to closed conformation in which the region of the "hydrophobic hinge" is involved, thereby favoring nucleotide incorporation opposite aberrant template sides.
In mutant 1L19, the substitution T233I appears to be sufficient for the increased nucleotide incorporation opposite abasic sites. Structural data indicate that Thr-233 builds up hydrogen bonds to the DNA backbone via the hydroxyl functionality in the amino acid side chain (58) . By substituting polar threonine by nonpolar and aliphatic isoleucine, the hydrogen bond can no longer be formed. How this loss of hydrogen bond forming capability translates into more efficient incorporation efficiency opposite an abasic site is unclear.
In summary, from a library of more than 11,000 entities of random human DNA polymerase ␤ mutants, we have identified two variants that have increased ability to incorporate a nucleotide opposite an abasic site and have reduced fidelity. This study provides insights into the impact of amino acids residues that are involved in proper function of DNA polymerases. We identified residues that are remote from the active site and have significant impact on the activity, fidelity, and incorporation propensity opposite abasic sites of the enyzme. These findings support the model of adaptive mutations (59) . This model postulates that the inherent plasticity of the DNA polymerase allows for mutations to change the substrate scope of the enzyme without compromising the general activity of the enzyme. Thereby, beneficial factors could be provided that allow for adapting to changes in the environment. Additionally, the knowledge of effects of amino acid impact on abasic site bypass and fidelity might provide insights into the role of tumor-associated mutants found in DNA polymerase ␤.
